Invertases cleave sucrose in glucose and fructose, using water as an acceptor. Fructosyltransferases catalyse the transfer of a fructosyl residue between sucrose and/or fructan molecules. Plant fructosyltransferases (FTs) evolved from vacuolar invertases by small mutational changes, leading to differences in substrate specificity. The S-type of enzymes (invertases, sucrose:sucrose 1-fructosyltransferases or 1-SSTs, and sucrose:fructan 6-fructosyltransferases or 6-SFTs) prefer sucrose as the donor substrate while F-type enzymes (fructan:fructan 1-fructosyltransferases or 1-FFTs and fructan:fructan 6 G -fructosyltransferases or 6 G -FFTs) preferentially use fructan as the donor substrate. Recently, a functional Asp/Arg or Asp/Lys couple in the Hypervariable Loop (HVL) was suggested to be essential to keep Asp in a favourable orientation for binding sucrose as the donor substrate in S-type enzymes. However, the F-type enzyme 1-FFT of Triticum aestivum (Ta1-FFT) also contains the Asp/Arg couple in the HVL, although it prefers fructan as the donor substrate. In this paper, mutagenesis studies on Ta1-FFT are presented. In Ta1-SST, Tyr282 (the Asp281 homologue) seems to be essential in creating a tight H-bond Network (HBN) in which the Arg-residue of the Asp/Arg couple is held in a fixed position. This tight HBN is disrupted in Ta1-FFT, leading to a more flexible Arg-residue and a dysfunctional Asp/Arg couple. A single D281Y mutation in Ta1-FFT restored the tight HBN and introduced typical S-type characteristics. Conclusively, in wheat FTs Asp281 (and its homologues) is involved in donor substrate specificity.
Introduction
Most plants that accumulate fructans as reserve carbohydrate are known to have a good resistance to cold and/or drought stress (Yoshida et al., 1998; Kawakami and Yoshida, 2002; Hincha et al., 2007; Livingston et al., 2007; Hisano et al., 2008) . It was suggested that fructans are essential for plant survival under stress conditions (Lasseur et al., 2009) . Among the angiosperms, 15% of the plants synthesize these fructose (Fru) polymers (Hendry, 1993) . Dependent on the linkage type [b(2,1) and/or b(2,6)] between the fructosyl units, different kinds of fructan are distinguished (Lewis, 1993) . In cereals and temperate grasses, levans with b(2,6)-linkages and branched graminans with both b(2,1)-and b(2,6)-linkages, are produced. The predominant fructan produced as well as the degree of polymerization (DP) is species-specific in grasses but can also vary among tissues and depend on environmental conditions. For instance, wheat (Triticum aestivum) mainly accumulates levan-based fructans in stems while 1-and 6-kestotetraose (bifurcose)-based graminan-type fructans predominate in induced leaves (Bancal et al., 1992) .
In Poaceae the key enzyme in graminan biosynthesis is sucrose:fructan 6-fructosyltransferase (6-SFT). This fructosyltransferase (FT) produces 1-and 6-kestotetraose from sucrose (Suc) and 1-kestotriose (1K), the product of the initiator enzyme sucrose:sucrose 1-fructosyltransferase (1-SST) (Sprenger et al., 1995; Nagaraj et al., 2004) . Fructan:-fructan 1-fructosyltransferase (1-FFT) is responsible for adding the branches of b(2-1) linked Fru units to levan and graminan oligomers in (hardened) wheat (Jeong and Housley, 1992) . Yoshida (2002, 2005) cloned the cDNAs of wheat 1-SST, 1-FFT, and 6-SFT (Ta1-SST, Ta1-FFT, and Ta6-SFT). They also reported that the wheat graminan pattern as observed in coldacclimated tissues correlates well with the fructan pattern after incubation of Suc and 1K with a mixture of 1-SST, 6-SFT, and 1-FFT (Yoshida et al., 2007) , indicating the important contribution of FT activities for determining the overall fructan patterns in planta.
1-FFTs are crucial enzymes in dicots. In Asteraceae it was demonstrated that differences in species-specific patterns of inulin are due to differences in the affinity of 1-FFT for their acceptor substrates (Hellwege et al., 1998; Vergauwen et al., 2003) . High DP 1-FFTs, preferring longer inulins as the acceptor, are found in globe thistle (Echinops ritro), Viguiera discolor, and artichoke (Cynara scolymus) while low DP 1-FFTs occur in chicory (Cichorium intybus) and Jerusalem artichoke (Helianthus tuberosus) (Hellwege et al., 1998) . Both 1-SST and fructan:fructan 6 G -fructosyltransferase (6 G -FFT) are key enzymes for the synthesis of neo-series fructans (Lasseur et al., 2006) . 6-SST/6-SFT activity has been reported in Poa secunda (Wei et al., 2002) and a cDNA encoding a protein with 6-SFT, 6-SST, and 1-SST activity has recently been cloned from P. pratense (Tamura et al., 2009 ).
Overall, two major FT groups can be discerned: FTs that use Suc as the preferential donor substrate on the one hand (S-type enzymes: 1-SST, 6-SFT), and FTs that use fructans (and not Suc) as the preferential donor substrate (F-type enzymes: 1-FFT, 6 G -FFT) on the other hand. All FTs are believed to have evolved from vacuolar-type of invertases (VIs), and this process occurred independently in monocots and dicots (Vijn and Smeekens, 1999; Wei and Chatterton, 2001) . By contrast, fructan exohydrolases (FEHs) are believed to have evolved from cell-wall invertases (CWIs) or from an ancestral b-fructosidase type of enzyme , capable of degrading both Suc and fructans.
All the enzymes mentioned above are grouped in family 32 of the glycoside hydrolases (GH32) (www.cazy.org) (Henrissat, 1991) . Verhaest et al. succeeded in resolving the first three-dimensional (3D) structures of plant GH32 enzymes, i.e. Ci1-FEHIIa (Verhaest et al., 2005a) and AtcwINV1 (Verhaest et al., 2005b (Verhaest et al., , 2006 . Later, X-ray crystal structures of AtcwINV1 mutants in complex with Suc were obtained . The similarities and differences between GH32 and GH68, both belonging to the clan GH-J, have recently been reviewed . Both families share a common b-propeller catalytic domain, in which the negatively charged active site contains three conserved amino acids: the nucleophile, the transition-state stabilizer, and the proton donor (Meng and Fü tterer, 2003; Alberto et al., 2004 Alberto et al., , 2006 Nagem et al., 2004; Martinez-Fleites et al., 2005; Verhaest et al., 2005a) . GH32 enzymes contain an extra C-terminal domain composed of b-sheets which is absent in GH68 members and which could play a role in overall protein stability .
Despite the fact that 1-FFTs are crucial enzymes for fructan polymerization (Vergauwen et al., 2003; Kawakami and Yoshida, 2005) , they have not been the subject of structure-function studies before, in contrast to other plant GH32 enzymes (Schroeven et al., 2008; Lasseur et al., 2009 , and references therein). 1-FFTs have been purified from many dicot plant species (reviewed in Van den Ende and Van Laere, 2007) . Typically, these enzymes cannot use Suc as a donor substrate. In monocots, native 1-FFTs have been purified from Lolium rigidum (St John et al., 1997) and T. aestivum (Jeong and Housley, 1992) . In wheat, 1K seemed to be the most efficient donor substrate for 1-FFT, resulting in 1,1-kestotetraose (Nystose: Nys) and 1,1,1 kestopentaose formation (Jeong and Housley, 1992) . However, it was shown later that the recombinant Ta1-FFT contained an intrinsic 1-SST activity (Kawakami and Yoshida, 2005) . Such inherent 1-SST activity was also detected for the recombinant 6 G -FFT from L. perenne (Lasseur et al., 2009) .
Wheat is an economically important species in terms of food and feed production. In particular, remobilization of fructan reserves from the stems can play a crucial role for kernel filling, especially under terminal drought (Xue et al., 2008; Zhang et al., 2008) . Therefore, research efforts focus now on the identity and properties of fructan metabolic enzymes. The availability of Pichia pastoris derived TaVI, Ta1-SST, and Ta1-FFT (Fig. 1 ) allows the design of specific site-directed mutagenesis studies. In particular, the sequence identity between Ta1-SST and Ta1-FFT even extends up to 84%, an excellent starting point for structure-function research. Inspired by the results of Le within the CWI/FEH subgroup, Lasseur et al. (2009) demonstrated that a 6 G -FFT enzyme can be transformed into a 1-SST type of enzyme by introducing an Asp/Arg couple next to the acid-base catalyst in the active site. These authors suggested that the presence of an intact Asp/Arg or Asp/ Lys couple in plant GH32 members is indicative for using Suc as donor substrate (S-type enzymes). Intriguingly, both Ta1-SST and Ta1-FFT contain such a couple, but yet their preferential donor substrate is clearly different. Here, this apparent paradox is investigated, in order to refine theories for predicting the donor substrate selectivity in plant GH32 members further. Therefore, site-directed mutagenesis experiments were performed on Ta1-FFT in order to understand which amino acid residues are responsible for the difference in substrate specificity between Ta1-FFT and Ta1-SST.
Materials and methods
Cloning and site-directed mutagenesis of wheat 1-FFT WT Ta1-SST cDNA (Accession no. AB029888) and WT Ta1-FFT cDNA (Accession no. AB088409), both isolated from winter wheat and encoding the mature protein regions, were inserted into Pichia secretory expression vector pPICZaB Yoshida, 2002, 2005) . The expression plasmid encoding the full-length Ta1-FFT cDNA was used as a template to introduce single mutations in the DDDRR, DASK, and WGYVVET motifs, based on the QuikChange TM site-directed mutagenesis protocol (Stratagene). The following oligonucleotide primers (and their reverse complement) were used to introduce the amino acid substitutions: R244Af: CAGCGACGATGACGCG-CGCGACTATTAC (Tm 81°C), R244Wf: GCAGCG-ACGATACTGGCGCGACTATTAC (Tm 79°C), R245Hf: GATGACCGGCACGACTATTAC (Tm 63°C), D281Yf: CTATGGCAGGTACTACGCGTCCAAGTC (Tm 72°C), V301Gf: GGGTACGTTGGCGAGACCGAC (Tm 71.8°C). In this way, mutants R244A, R244W, R245H, D281Y, and V301G were generated by PCR mutagenesis.
The non-methylated strand was digested by 1 ll DpnI (37°C , 90 min) and the samples were purified by QiaQuick PCR purification Kit (Qiagen). 4 ll of the purified vector-DNA was used for transformation of E. coli TOP10 cells by heat shock. Positive single colonies were selected on low salt YT agar plates supplemented with zeocine (30 lg ml
À1
) and checked with PCR. All constructs were sequenced (BaseClear, Leiden, The Netherlands) to check for the desired mutation.
Heterologous expression in Pichia pastoris and enzyme purification
Transformation of Pichia pastoris cells with the PicZaB expression plasmids (containing wheat WT Ta1-FFT, WT Ta1-SST, or mutated 1-FFT) and induction of protein expression was performed exactly as described in Schroeven et al. (2008) .
Subsequently, wild-type and mutant enzymes were further purified on a Fast Desalting Column HR 10/10 (Amersham Biosciences, Uppsala, Sweden). Fractions of 0.5 ml were collected. Similar fractions were selected and used for subsequent enzyme incubations (see below). The enzyme concentrations of the selected fractions were determined by the Coomassie Brilliant Blue Reagens method (Sedmak and Grossberg, 1977) and were found to vary between 0.30 lg ll À1 and 0.45 lg ll À1 .
Substrate specificity and kinetic parameters of wild-type and mutant enzymes
For the kinetic analyses, great care was taken to select timepoints in the linear region, ensuring that less than 10% of the original substrate was consumed. Equal protein concentration (1 lg per 80 ll reaction mixture) were incubated at 30°C in a total reaction volume of 80 ll in 50 mM sodiumacetate buffer pH 5.0 containing 0.02% (w/v) sodium azide and different substrate concentrations. To test for 1-SST activity Suc concentrations ranging between 25 mM and 1 M (see figures) were used, whereas different 1K concentrations (ranging between 40 mM and 800 mM) were used to check for 1-FFT activity. After 10 min, 30 min, and 2 h of incubation, reactions were stopped by heating at 90°C for 5 min. Experiments for determining the kinetic parameters were done in triplicate (see Supplementary Fig. S1 at JXB online), experiments for determining the 1K/Nys ratio were done in duplicate. The reaction products were analysed by anion exchange chromatography (HPAEC-PAD, Dionex, Sunnyvale, CA, USA) as described by Van den Ende and Van Laere (1996b) . By comparing the peak areas with known amounts of standard compounds, the amounts of products were determined. Creating S-type characteristics in the F-type Ta1-FFT | 3689
In contrast to invertases, most FTs cannot be fully saturated with Suc (Van den Ende et al., 1996) . Hence their 'apparent' K m , based on Michaelis-Menten kinetics, can only be estimated. Kinetic parameters (apparent K m , specific activity) were determined using the linear Hanes plot.
3D modelling
Among all GH32 members of which the 3D structure is already resolved, the 3D structure of AtcwINV1 (PDB ID 2AC1) (Verhaest et al., 2005) could serve as a good template to generate a 3D model using the program MOE (Modelling Operating Environment, 2008-10) . AtcwINV1 showed 34-35% sequence similarity with Ta1-FFT and Ta1-SST. 3D figures were prepared with Pymol (DeLano, 2002).
Results and discussion
Designing mutants based on multiple sequence alignments and modelling Two major classes of FTs can be discerned: the S-type and the F-type FTs. These functionally different enzymes can be very similar at the sequence level. For instance the Ta1-FFT and Ta1-SST enzymes share 84% identical amino acids in their mature protein part. To understand the difference at the molecular level between Ta1-FFT and Ta1-SST, a multiple alignment was performed of 1-FFTs, 1-SSTs, and 6 G -FFTs from grass species and a selection of dicot FTs and VIs. A number of amino acids unique to Ta1-FFT (as compared to Ta1-SST) were considered. However, most of these amino acids represented semi-conserved substitutions, and these were not retained. Next, the position of the remaining amino acids was considered in 3D structure models as described by Lasseur et al. (2009) . Only the amino acids in the vicinity of the active site (15 Å ) were selected, allowing further reduction of the number of candidate amino acid residues for site-directed mutagenesis. The two most promising amino acids in Ta1-FFT are Asp281 and Val301. Ta1-SST shows Tyr282 and Gly302 at these positions (Fig. 2) . Intriguingly, all grass 1-FFTs show an Asp residue instead of a Tyr in the FYASK motif, a Tyr is typically present in all 1-SSTs and 6 G -FFTs (Fig. 2) , in all VIs, and even in GH68 members (Martinez-Fleites et al., 2005) . By contrast, dicotyledonous 1-FFTs contain a FFASK motif, strongly suggesting that the absence of a more typical FYASK motif is indicative for the 1-FFT nature of an enzyme. Similarly, all S-type of enzymes (also including VIs) show a Gly next to the W(A/G)(W/Y/F) motif, while this is often replaced by a Val or a Ala in 1-FFTs. Consequently, the mutants D281Y and V301G in Ta1-FFT were designed. Lasseur et al. (2009) reported that the donor substrate selectivity within the FT/VI group is intimately linked to the presence of an Asp/Arg couple in a hypervariable loop (HVL) near to the acid-base catalyst. Enzymes containing the Asp/Arg couple are considered as S-type while the absence of such a couple was observed in almost all F-type enzymes. It was proposed that the Arg in the couple is really essential to keep the Asp in the correct orientation to bind the Glc part of the Suc donor substrate. According to the -n to +n subsite nomenclature proposed by Davies and co-workers (1997) , hydrolysis takes place between the -1 and +1 subsites. When Suc binds as a donor substrate, the Fru moiety positions at the -1 subsite and the Glc units is bound at the +1 subsite.
The multiple alignment (Fig. 2) shows that grass 1-FFTs, very exceptionally, also contain the Asp/Arg couple in the HVL, as typically observed for S-type enzymes. To unravel the significance of the Asp/Arg couple for donor substrate selectivity in wheat FTs further, the mutants R244A and R244W (a Trp is observed at this position in 6 G -FFTs; Fig.  2) were constructed. Furthermore, a His is observed next to this Arg in all 1-SSTs (and 6 G -FFTs). However, grass 1-FFTs contain a unique Arg at this position. Therefore, the R245H substitution was performed in Ta1-FFT.
In conclusion, the mutants D281Y, V301G, R244A, R244W, and R245H in Ta1-FFT were designed for comparison with the wild-type (WT) Ta1-SST and Ta1-FFT enzymes.
Comparison of FT activities of WT and mutant wheat FT enzymes
It was demonstrated before that recombinant Ta1-SST uses Suc as preferential substrate to produce 1K and Glc (Fig. 1) while the recombinant Ta1-FFT uses 1K as preferential donor substrate to produce Nys and Suc ( Fig. 1 ; Kawakami and Yoshida, 2005) . Self-transfer between two 1K molecules (via a ping-pong mechanism) is a typical characteristic for all 1-FFTs, but newly formed products can also act as donor or acceptor substrates, which complicates kinetic studies (Vergauwen et al., 2003) . However, by studying the production of 1K from Suc and Nys from 1K after short incubation times, the 1K/Nys ratio provides an excellent characteristic to judge the donor substrate preference for these enzymes. Figure 3 shows the 1K/Nys ratio at 100 mM substrate (1K or Suc) concentration. Surprisingly, among all the mutants tested, only the D281Y mutant showed a strong increase in the 1K/Nys ratio, in accordance with a pronounced shift from F-type to S-type characteristics. This revealed that Asp281, close to the heart of the active site in Ta1-FFT (see Fig. 5B ), is an important player to determine the difference in donor substrate selectivity between Ta1-FFT and Ta1-SST (see below).
Representative chromatograms of the 1K and Suc only reactions for the D281Y and wild-type (WT) enzymes are presented after 2 h incubation times (Fig. 4) . It is clear that the WT Ta1-SST prefers Suc as the donor substrate (Figs 3, 4A), although intrinsic 1-FFT and 1-kestotriose exohydrolase (1-KEH) activities are also observed (Fig. 4B ), similar to those detected for other native and recombinant 1-SSTs (Van den Van Laere, 1996a, 2007) . On the other hand, the WT Ta1-FFT clearly prefers 1K (Fig. 4B) over Suc. However, a low intrinsic 1-SST activity was observed ( Fig. 4A ; Kawakami and Yoshida, 2005) , similar to the one observed for Lp6 G -FFT/1-FFT (Lasseur et al., 2009) . In contrast to monocot FFTs, dicot 1-FFTs stand out because of their strict donor substrate selectivity; these enzymes show zero activity with Suc as a single substrate (Van den Ende and Van Laere, 1996a). Strikingly, a single amino acid substitution (D281Y) proved to be sufficient to produce similar amounts of 1K compared to Ta1-SST (Fig. 4A) , even at the physiologically relevant substrate concentration of 100 mM Suc. This extensive shift towards an S-type enzyme is even more impressive than the one observed in Lasseur et al. (2009) . Indeed, in the case of the transformation of Lp6 G -FFT into a 1-SST, (i) two or three mutations were necessary and (ii) higher Suc concentrations (up to 1 M) were needed to reveal the 1-SST characteristics of the triple Lp6 G -FFT mutant fully. Nonetheless, the 1-FFT activity was not completely lost in the D281Y mutant; less than 40% of the 1-FFT activity was retained (Fig. 4B) . Again, these results are similar to the ones observed in Lasseur et al. (2009) . In both cases, 1-SST activity could be introduced by mutagenesis, but part of the original 1-FFT activity remained intact.
Comparing the kinetic parameters of Ta1-FFT, Ta1-SST, and the D281Y Ta1-FFT mutant As mentioned before, only the D281Y mutant showed a significant shift from F-to S-type characteristics. Therefore, this mutant was selected for further kinetic studies. Substrate/velocity curves were generated for the WT Ta1-FFT, Ta1-SST, and the D281Y Ta1-FFT mutant (see Supplementary Fig. S1 at JXB online). Both Suc and 1K were used as single substrates at concentrations ranging from 25 mM to 1 M. Typically, FTs are not easy saturable with their substrates (Ritsema et al., 2006) , which is also observed in this case. Creating S-type characteristics in the F-type Ta1-FFT | 3691
Linear Hanes plots were generated to estimate the apparent K m s for these enzymes. The apparent K m,1K value of the D281Y mutant enzyme (377 mM), holds the middle between the K m,1K values for the WT Ta1-FFT (233 mM) and Ta1-SST (577 mM). Consistent with Fig. 4 , this indicated that the affinity for 1K decreased in the D281Y mutant. Similar apparent K m,1K values were reported for the purified native 1-FFT of L. rigidum and H. tuberosus which were not saturable at 1K concentrations up to 400 mM. Although the apparent K m,suc for 1-FFT and D281Y were found to be very similar (203 and 197 mM, respectively), our measurements indicated that the specific activity of the D281Y mutant increased strongly (61 nkat 1K mg À1 protein) compared to the WT Ta1-FFT (1.5 nkat 1K mg -1 protein), explaining the increased 1-SST activities associated with this mutant.
Asp281 affects donor substrate specifity by influencing the Asp/Arg couple in Ta1-FFT AtcwINV1 (PDB ID 2AC1) was used as a template for modelling the wheat FTs under study. The active site of Ta1-FFT is composed of the nucleophile Asp26, the acidbase catalyst Glu208 and the transition-state stabilizer Asp150 (Asp26, Glu209, and Asp151 in Ta1-SST). The homologues of the Asp/Arg couple in the HVL of S-type enzymes (Fig. 2) in Ta1-FFT are Asp241 and Arg244 (Asp242 and Arg245 in Ta1-SST) (Fig. 5) . A strong Hbond could be observed between Asp239 and Lys242 in AtcwINV1, and between Asp349 and Arg352 in Lp1-SST (Lasseur et al., 2009) , strongly suggesting that Lys242/ Arg352 can hold Asp239/Asp349 in an optimal position for binding the Glc part of Suc as a donor substrate . The huge importance of Asp239 equivalents in the determination of donor substrate selectivity has already been demonstrated by Le Roy et al. (2007) .
Modelling efforts using the MOE program strongly suggest that Arg245 in Ta1-SST (Fig. 5A ) is held in a tight H-bond network (HBN) by at least four (putative) interactions: NH1 of Arg245 and Glu209 (3.0 Å ), NH1 of Arg245 and Asp242 (3.0 Å ), NH2 of Arg245 and Tyr300 (3.2 Å ), and the NE of the side chain of Arg245 and Tyr282 (3.9 Å ). It is clear that these H-bonds keep Arg245 in a rather fixed position. It can be speculated that the rotational freedom of Arg245 in Ta1-SST is much lower compared to Arg244 in Ta1-FFT (Fig. 5B) . Indeed, the NE of the side chain of Arg244 cannot form a H-bond with a Tyr residue, which has been replaced by Asp281. Not surprisingly, MOE predicted an alternative and more flexible position of Arg244 in Ta1-FFT, while Asp281 interacts with Asp246 (3.2 Å ). From this, one can reasonably assume that Arg245, similar to that observed in AtcwINV1, fulfils a role in holding Asp242 in an optimal position for binding Suc in Ta1-SST (a typical Asp/Arg couple in the S-type of enzymes as described in Lasseur et al., 2009) . However, the replacement of a Tyr to an Asp in the bottom of the active site of Ta1-FFT destabilizes the fixed position of Arg244, which shows a tendency to move away from Asp241. As a consequence, it can be speculated that Asp241 will get more freedom and lose its fixed position, which is needed to stabilize the Glc part of Suc at the +1 donor subsite. Perhaps Asp241 takes another position which helps to stabilize the Glc (+2 donor subsite) or internal Fru part of 1K (+1 donor subsite) as a donor substrate. Alternatively, the altered position of Asp241 might disturb the positioning of a Glc residue at the +1 subsite, without particularly promoting the binding of a Fru. Although the position of 1K as a donor substrate in Ta1-FFT is unknown, it might take a very similar position as 1K in Ci1-FEHIIa (PDB ID 2AEZ; Verhaest et al., 2007) . Strikingly, the intermediate Fru from the 1K donor substrate in this complex is not stabilized by H-bonds with the enzyme. In this case H-bonds at the -1 and +2 subsites seem to be crucial for binding 1K to the active site.
Intriguingly, Arg245 homologues are invariably observed among all S-type FTs ( Fig. 2; data not shown), while in real CWIs this Arg is often replaced by a Lys (Le . This suggests that Arg residues might be important in assisting acceptor substrate binding as described for Arg360 in B. subtilis levansucrase. Meng and Fü tterer (2008) discussed the conformational flexibility of the Arg360 in B. subtilis levansucrase, playing a role in switching between donor and acceptor substrate binding modi. It was also nicely demonstrated that the homologue of Arg360 in Lp6 G -FFT, Trp343, also affected the acceptor substrate specificity (Lasseur et al., 2009) .
The single mutant D281Y uses Suc as a preferential donor, demonstrating that the Tyr residue promotes Suc donor substrate recognition. The 3D model (Fig. 5C) shows that the HBN-including the Asp/Arg couple-as observed in the WT Ta1-SST, has been restored. Consequently, Asp241 will be able to bind the Glc part of Suc. A similar HBN is observed in the case of Lp1-SST (Fig. 5D) . The finding that the R244A and R244W mutants did not result in a switch to Suc as a preferential donor substrate supports the idea that a functional Asp/Arg couple is necessary to promote the binding of Suc as a donor substrate. The V301G mutant did not show an altered donor substrate specificity (Fig. 3) , perhaps because this position is too far away to influence the Asp/Arg couple (Fig. 5) . The R245H substitution on its own was also insufficient to restore the functionality of the Asp/Arg couple. However, in WT Ta1-FFT, MOE showed that Arg245 is pointing away from the active site (Fig. 5B) , suggesting that it could be involved in interactions with Arg244 (Fig. 5B) .
Mutagenesis experiments on homologue residues of Asp281 in GH32 enzymes (usually a Tyr is present at this position; Fig. 2) had not been performed before. Verhaest et al. (2005a) hypothesized that Tyr274 in Ci1-FEHIIa (making a H-bond with the acid-base catalyst Glu201) can act as a pK a modulator, but this theory is not widely accepted. Intriguingly, dicot 1-FFTs contain a Phe at this position (Fig. 2) , which cannot make a H-bond with the acid-base catalyst. It can be speculated that this event, in its turn, results in a less fixed position of the acid-base catalyst and this is an interesting area of further research.
General conclusions and evolutionary speculations
A multiple alignment and modelling approach was used to pinpoint putative amino acids involved in the donor substrate selectivity in wheat FTs. Only one of these mutants showed a major shift in donor substrate selectivity. The single D281Y mutation in Ta1-FFT resulted in an enzyme that used Suc as the preferential donor substrate. This could be explained by the restoration of a HBN network around Arg244, taking a more fixed position and forming a couple with Asp241, in this way fixing Asp241 in Creating S-type characteristics in the F-type Ta1-FFT | 3693 an optimal position to bind the Glc part of Suc. The works of Ritsema et al. (2006) , Schroeven et al. (2008) , and Altenbach et al. (2009) suggested how plant 1-SSTs might have evolved out of (different types of) VIs by particular changes in the WMNDPNG and W(A/G)W motifs. In evolutionary terms it seems reasonable to assume that the FFT type of fructan polymerization enzymes evolved later than the 1-SST type of fructan initiation enzymes. The identity between Ta1-SST and Ta1-FFT is much higher (84%) than between Ta1-SST and TaVI (67%) and between Ta1-FFT and TaVI (66%), strongly suggesting that Ta1-FFT might have evolved from Ta1-SST. Following the same reasoning, other F-types of enzymes might have evolved from their S-type ancestors (e.g. Lp6 G -FFT from Lp1-SST, Ci1-FFT from Ci1-SST etc), via a similar mechanism as explained before in the CWI/FEH subgroup of GH32 enzymes (Le .
Taken all together, it can be concluded that F-type enzymes might have evolved from their S-type ancestors in several ways by (i) mutating one or both of the amino acids of the Asp/Arg (or Asp/Lys) couple in the HVL (dicot 1-FEHs, 6 G -FFTs); (ii) destabilizing the Asp/Arg couple, resulting in a dysfunctional couple, for example, by mutating the Tyr of the FYASK which is in close vicinity of the Asp/Arg couple (cereal 1-FFTs); and (iii) a combination of (i) and an extra mutation of the Tyr of the FYASK motif (e.g. dicot 1-FFTs, see Fig. 2 ). Such combined mutations only occurred in the dicot 1-FFTs (Fig. 2) , explaining why these enzymes show zero 1-SST (or invertase) activity (Van den Ende et al., 1996) , while monocot FFTs always show an intrinsic S-type side activity (this manuscript; Lasseur et al., 2009) . Conclusively, dicot 1-FFTs have reached a higher degree of donor substrate specialization, while this evolutionary process is probably still going on in monocots. This is consistent with the point of view that the fructan syndrome evolved first in dicots and later in monocots (Ji et al., 2005 (Ji et al., , 2007 .
